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ABSTRACT: Skin adhesives are polymer materials used for
attaching medical devices to the skin. Probing the performance of
such adhesives is of great interest for rational material formulation.
Here, we present a perspiration simulator, which includes a skin
mimicking gelatin substrate with controlled roughness and the
ability to perspire with a tunable sweat rate. The setup was used for
probing peel adhesion of adhesives under realistic wear conditions.
Adhesives with indistinguishable rheological properties but differ-
ent ability to absorb artificial sweat were evaluated. The rheological
properties were fixed to decouple the bulk mechanical properties
from events occurring at the substrate−adhesive interface. The effects of application pressure, dwell time, and perspiration were
quantified for each adhesive formulation. Here, we found that sweat introduced at the substrate−adhesive interface restricts further
bonding of the adhesives by limiting viscous flow. Water-absorbing skin adhesives were found to have significantly higher peel forces
compared to nonabsorbing adhesives under sweating conditions where the adhesive could absorb the introduced sweat.

KEYWORDS: skin adhesives, perspiration simulator, peel adhesion, adhesive bonding, artificial skin

1. INTRODUCTION

Skin adhesives represent a class of polymer composites used
for attaching medical devices, such as transdermal drug-
delivery patches, ostomy bags, wound dressings, and wearable
biosensors to the skin.1−7 Such adhesives must provide
sufficient adhesion to ensure optimal functionality of the
attached device, while being easy to remove without leaving
residues or damaging the skin.8 These adhesives must also
adhere to the skin during perspiration where sweat is released
at the skin−adhesive interface. The presence of sweat can
compromise adhesion by perturbing the nonspecific inter-
actions between the adhesive and skin.9 Furthermore,
prolonged exposure to sweat accumulated between the skin
and adhesive causes skin maceration.10,11 To address this issue,
modern formulations include hydrophilic fillers, known as
hydrocolloids, in the sticky hydrophobic polymer matrix to
remove bodily fluids from the skin−adhesive interface.12

However, rational formulation of skin adhesives still presents
a challenge due to difficulties with probing adhesive perform-
ance during wear and balancing the antagonist requirements
for adhesion.
Some clinical investigations, where adhesive performance

during wear is evaluated, are available in the literature. Here,
the adhesive performance is typically quantified through peel
tests or by recording the wear time until the adhesive detaches
from the skin of resting subjects.13,14 However, clinical studies
are costly and require a large number of subjects to yield
results of statistical significance due to large intra- and
intersubject variations.15 Consequently, there is a growing

demand to develop skin models for in vitro adhesive testing,
which mimic relevant skin parameters, such as surface
roughness, mechanical properties, hydration, and surface
energy.16−19 A limited effort has been put into clinical
investigation of the performance of skin adhesives specifically
during perspiration. Difficulties associated with controlling,
reproducing, and measuring human perspiration introduce
sources of variations, which make the results obtained from in
vivo sweat studies even more convoluted.20,21 This further
emphasizes the need for a perspiration simulator for systematic
adhesive testing.
The requirements for a perspiration simulator depend on the

device functionality and materials tested. For biosensors the
sweat composition and rate are of high importance, while the
friction during perspiration is of interest for textiles.22−25 For
adhesive testing the model needs to exert a pressure from the
artificial sweat glands, possess a water contact angle similar to
skin, and be tough enough to allow peeling adhesives from the
skin.26−28 Eiler et al. recently adapted a perspiration simulator,
developed by Hou et al.,29 to test the performance of skin
adhesives under well-controlled perspiration conditions on a
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polymer substrate mimicking the surface topography and water
contact angle of skin.30 Rigid adhesives were chosen to
specifically probe spreading of artificial sweat at the substrate−
adhesive interface without the influence of viscous flow of the
adhesive. Adhesives with different abilities to absorb artificial
sweat were evaluated by peel tests. Here, a delay in adhesive
failure was observed for the adhesive absorbing the most
artificial sweat. However, it is still unknown how perspiration
influences the viscous flow of these adhesives and how the
initial adhesive bonding affects the adhesive performance
during perspiration for adhesives with different abilities to
absorb sweat.
In this work, we present a new perspiration simulator having

dimensions appropriate for conventional adhesive peel experi-
ments.31 The setup provides the ability to control the artificial
sweat rate, the hydrostatic pressure upon artificial sweat pore
occlusion, sweat composition, and sweat pore density. The
outermost layer of the substrate consists of a cross-linked
gelatin film, which hydrates during water exposure mimicking
human stratum corneum.32,33 The skin-like gelatin layer is
coated on a rigid polyimide support with controlled roughness,
hole size, and hole density. The coating process and cross-
linking density of the gelatin were optimized to avoid blocking
of the artificial sweat pores and cohesive fracturing of the
gelatin during peel experiments. The model is used for
systematic investigations of the peel adhesion of three different
adhesive formulations under realistic perspiration conditions.
The adhesive formulations are designed to have indistinguish-
able rheological properties yet significantly different abilities to
absorb sweat. This enables us to decouple the bulk properties
from the events occurring at the artificial skin−adhesive
interface and separate the effects of water transport from the
mechanical contributions to the peel adhesion. Each adhesive
formulation is evaluated as a function of application pressure
prior to artificial perspiration and different perspiration times
to systematically investigate the link between adhesive
bonding, amount of artificial sweat, water transport, and peel
adhesion.

2. MATERIALS AND METHODS
2.1. Materials. Polyisobutylene was obtained from BASF

(Germany), styrene−isoprene−styrene was obtained from Kraton
(USA), sodium carboxymethyl cellulose (CMC) particles were
obtained from Akzo Nobel (Netherlands), and potato starch was
obtained from KMC (Denmark). A premix of styrene−isoprene−
styrene and polyisobutylene (the adhesive matrix) was mixed for 45
min at 30 rpm and 90 °C under vacuum in a Brabender mixer
(Brabender GmbH & Co. KG, Germany). The ratio between
polyisobutylene and styrene−isoprene−styrene was kept at 4:1 by
weight, and the total mass of each mix was 60 g. The polyisobutylene
provides the stickiness of the adhesives, while the styrene−isoprene−
styrene is added for increasing the cohesive strength of the adhesives.
Next, particles were mixed with the matrix to yield adhesives with a
total particle volume fraction, ϕp = 0.277. Three different adhesives
were mixed: one containing only CMC fillers (hereafter CMC
adhesive), one having half of the particle volume fraction CMC fillers
and the other half starch fillers (hereafter CMC−Starch adhesive),
and one only containing starch fillers (hereafter Starch adhesive).
Particle densities were measured with an AccuPyc 1330 He
pycnometer from Micrometrics (USA). The densities of CMC and
Starch were found to be ρCMC = 1.5809 ± 0.0004 g cm−3 and ρStarch =
1.5203 ± 0.0009 g cm−3, respectively. Vacuum was applied after the
particles were added to the matrix to minimize air entrapment, and
the mix was processed for 45 min at 30 rpm and 90 °C. After mixing,
20 g of material was pressed between two horizontal steel plates for 30

s under a load of 10 tons at 90 °C. The sample mixtures were pressed
to a thickness of 950 ± 25 μm. The thickness was subsequently
measured by using a thickness gauge (Mitutoyo Europe GmbH,
Germany). After pressing, the desired sample geometry was obtained
by punching. The artificial sweat solution for the impedance
measurements, gravimetric analysis, and artificial perspiration experi-
ments was prepared from ultrapure water (arium pro, Satorius,
Germany) and sodium chloride (Sigma-Aldrich, Denmark) at a
concentration of 154 mM, which is within the range of the sodium
chloride concentration of human sweat.34

2.2. Material Characterization. 2.2.1. Rheology. The rheo-
logical properties of each formulation were evaluated by shear
rheology using a Discovery hybrid rheometer from TA Instruments
(Denmark) with parallel plate geometry. Amplitude sweeps at 1 Hz
were done for each formulation to identify the linear viscoelastic
region. The amplitude sweeps are provided as Supporting Information
(Figure S1). Frequency sweeps were subsequently performed on a
new sample at fixed shear strain, γ̂ = 0.3%. The frequency sweeps were
done with frequencies ranging from 102 to 10−3 Hz with five
frequencies per decade. All measurements were performed in
triplicates at 32 °C, provided as Supporting Information (Figure S2).

2.2.2. Impedance Measurements. Impedance measurements were
performed according to a method that we previously developed for
probing water diffusion in polymer materials.35 The method utilizes a
two-electrode system connected to an Autolab potentiostat
(PGSTAT128N) with a frequency response analyzer module
(FRA32M) and a multiplexer module (MUX.SCNR8) all obtained
from Metrohm Nordic (Denmark). The adhesive was adhered to a
stainless-steel plate (working electrode) and subsequently clamped to
a glass cell. A graphite rod was used as both the counter and reference
electrode. The adhesive was exposed to 154 mM NaCl solution. The
adhesive area was chosen to be 9.6 cm2, which is much larger than the
filler sizes, to average out sample inhomogeneities. An oscillating
potential with an amplitude of 10 mV was applied between the
electrodes, and time scans were performed at 100 kHz. The
temperature during the impedance measurements was adjusted to
32 ± 1 °C with an incubator (KS 4000i control, IKA, Germany). The
experiments were done in triplicates. The capacitance was obtained
from the impedance by using an equivalent circuit model. Here, we
model the adhesive as a (RC) circuit, i.e., a resistor and a capacitor in
parallel. The resistor and capacitor represent bulk conductivity and
the dielectric properties of the sample, respectively. The resistance of
the hardware and electrolyte solution was neglected. The capacitance,
C, of a (RC) circuit is readily obtained as

C
Z

Z Z( )2 2ω
= − ″

′ + ″ (1)

where ω is the angular frequency of the potential, Z′ is the real part of
the impedance, and Z″ is the imaginary part of the impedance. The
presented equivalent circuit model is valid until saline solution reaches
the working electrode; thereafter, the electrical behavior of the
working electrode may have a significant contribution.35

2.2.3. Gravimetric Analysis. Gravimetric analysis was performed
on adhesive samples immersed in 154 mM NaCl solution using an
analytical balance (XS105, Mettler Toledo, Denmark). The adhesives
were 25 × 25 × 1 mm3 and adhered to a polystyrene plate during the
experiment. The temperature of the solution was kept at 32 °C. The
mass of the adhesives was measured prior to immersion and after 10,
30, 45, 60, and 120 min of immersion. Each measurement was done
five times.

2.3. Perspiration Simulator. The artificial skin is a multilayer
substrate, where each layer holds a functionality. The skin includes a
track-etched membrane (obtained from Sterlitech Cooperation, USA)
of polycarbonate having a thickness lm = 12 μm, pore diameter dm =
0.1 μm, and pore density αm = 4 μm−2. The track-etched membrane
was laminated to the polyimide support by using a double-sided
acrylic adhesive. The acrylic adhesive was applied to the polyimide
support prior to drilling the artificial sweat pores to ensure the
adhesive did not block the pores. The track-etched membrane was
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carefully laminated to the polyimide substrate, and the skin was left
for 24 h with a pressure of 250 Pa to allow the adhesive to bond with
the track-etched membrane. The polyimide support has a well-defined
micrometer-scale roughness and holes having a diameter ds = 250 μm
and hole density αs = 100 cm−2. The holes in the polyimide support
are supposed to mimic the sweat pores. The track-etched membrane
provides high flow resistance, which yields a pressure drop much
larger than the differences in Laplace pressure of the holes in the
polyimide support, which ensures homogeneous sweating throughout
the substrate.29 The polyimide support gives mechanical stability and
large scale roughness. The polyimide support was coated with gelatin
(Figure 1a) through a dip-coating procedure (details are provided in
the Supporting Information, section S2). For less complex adhesion
results, the gelatin was highly cross-linked to avoid cohesive failure
and elastic deformation of the artificial skin. This is different from
human skin, which is elastic and typically allows for removal of
superficial skin cells. Gelatin is derived from collagen, which is a
natural component of human skin.36 In the Supporting Information,
we furthermore provide quartz crystal microbalance with dissipation
measurements to confirm that the gelatin film is hydrated through
water exposure (Figure S3) and atomic force microscopy images to
illustrate the nanoscale roughness of the gelatin (Figure S4). The
thickness of the gelatin layer was estimated to be a few micrometers
through atomic force microscopy and gravimetric measurements
(Figure S5). The water contact angle was measured to 77.5 ± 0.8°,
which is similar to reported values measured on human skin.37,38 The
experimental details and the data of the water contact angle are
provided in the Supporting Information (Figure S6). The mean
surface roughness of the artificial skin was measured by using a
profilometer (SJ-410 surface roughness tester, Mitutoyo, Germany). A
line scan is shown in Figure 1b where the surface height, z, is plotted
as a function of distance, x. The average roughness parameter was Ra
= 8.4 ± 4.5 μm, which is on the same order of magnitude as reported
literature values for human skin.39,40

The artificial skin was clamped to a reservoir, which was connected
a microfluidic flow sensor and a tank supplying the artificial sweat
solution (Figure 1a). The flow sensor was connected to a microfluidic

flow reader both obtained from Elveflow (France). The flow sensor
allowed to measure the artificial sweating rate, which is a function of
the tank height, h. Flow rates were measured as a function of pressure.
The data are presented in Figure 1c. Here, a linear flow rate−pressure
relation was found, which was expected from Poiseuille’s law:

Q
d d

l
ghd

512
( 4 cos( ))m

sn

2
m

4
s

m

π α
η

ρ γ θ= −
(2)

where Qn is the flow in a single artificial sweat pore, θ is the contact
angle of the substrate with the artificial sweat, g is the gravitational
constant, and η, γ, and ρ are the viscosity, surface tension, and density
of the artificial sweat. The remaining parameters are described above.
Equation 2 was derived under the assumption that the resistance in
the polyimide support is negligible compared to the resistance of the
track-etched membrane. The final expression is a linear relationship
between the flow rate in an artificial sweat pore and the pressure,
where the proportionality constant is the inverse resistance of the
sweat pore and the intercept with the x-axis is the Laplace pressure in

a pore, p
dL

4 cos

s
Δ = γ θ .29

2.3.1. Peel Test. The adhesive properties were evaluated by using
an Instron 5943 Universal testing system with a 50 N load cell
(Instron, Sweden). The dimensions of the adhesives were 100 × 25 ×
1 mm3. The adhesives were applied to the artificial skin with either a
pressure of 1680 or 4320 Pa for 60 s and were subsequently exposed
to artificial perspiration or left to dwell at dry conditions. The
adhesives were peeled with constant displacement, 304 mm/min, at
an angle of 90° by using a backing tape (4124, Tesa, Denmark). The
force required to peel the adhesive from the substrate was recorded as
a function of displacement. Recorded forces were averaged over
displacements from 20 to 80 mm for each measurement, which was
done in triplicates. We note that the artificial skins were not reused for
multiple peel experiments and the skins were used within 2 weeks
after preparation.

Figure 1. Schematic illustration of the artificial skin, which consists of a track-etched membrane and a polyimide substrate with micrometer-scale
roughness coated with cross-linked gelatin. The artificial skin was clamped to a reservoir connected to a flow meter and a tank for artificial sweat
with height, h, above the skin surface (a). A roughness line scan of the artificial skin obtained with a profilometer is shown in (b). The artificial
perspiration rate is plotted as a function of pressure with a linear model fitted to the experimental data (c). The perspiration data represent averages
and standard deviations of three different artificial skins.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Adhesive Formulations. The
rheological properties of the adhesive formulations were
characterized by shear rheology in the linear viscoelastic
region, which was determined through amplitude sweeps (see
Supporting Information, Figure S1). Frequency sweeps were
performed at frequencies ranging from 102 to 10−3 Hz with five
frequencies per decade at a fixed shear strain, γ̂ = 0.3%. The
storage modulus, G′, the loss modulus, G″, and the ratio

between the loss and storage modulus, tan( ) G
G

δ = ″
′
, are

displayed in Figure 2 as a function of the frequency.

The rheological measurements were done in triplicates (see
Figure S2) to ensure that the data in Figure 2 represent the
general rheological properties. Variations within each adhesive
formulation were similar to variations between formulations
implying the three adhesive formulations have indistinguish-
able rheological properties in the measured frequency range.
The different adhesives are thus expected to flow similarly
when applied to the substrate.
Next, the water transport in the adhesives was investigated

by using impedance measurements. The measurements were
done with an alternating potential, with an amplitude of 10
mV, oscillating at fixed frequency, f = 100 kHz, to increase the
sensitivity to dielectric changes. The results are displayed in
Figure 3.

The impedance and phase angle are plotted as a function of
time for the Starch adhesives in Figure 3a. Here, the phase
angle is constant at ϕ = −90°, indicating pure capacitive
behavior. The impedance is constant for at least 1400 min
(∼23 h), which means no water transport occurs in the Starch
adhesive within this time. The CMC−Starch adhesives (Figure
3b) initially exhibit pure capacitive properties, −ϕ = 90°,
followed by the occurrence of bulk conductivity, indicated by a
rapid drop in the phase angle. The conductivity occurs when
the NaCl solution has penetrated through the adhesive and
reached the working electrode. The rapid drop in phase angle
is detected after 141 ± 46 min where the large standard
deviation, i.e., large intersample variation, implies poor
connectivity of the water transporting CMC particles, which
makes the water transport results sensitive to small variations
in the particle dispersion between adhesive samples. Finally,
the CMC adhesive (Figure 3c) shows the occurrence of full
penetration after 107 ± 3 min of immersion, where the small
standard deviation indicates continuous transport and good
CMC−particle connectivity, which is in agreement with the
higher CMC−particle content.
The sweat uptake is further evaluated through the change in

temporal capacitance relative to the dry capacitance, C C
C

t

t

0− ,

where Ct and C0 are the capacitance at a given time, t, and the
dry capacitance, respectively. The capacitance is calculated by
using eq 1 and the results for the CMC and CMC−Starch
adhesives are shown in Figure 4. Here, the increase in the
capacitance for the CMC adhesive is larger compared to the
CMC−Starch adhesive, which implies that the water uptake in
the CMC adhesives are higher than the CMC−Starch
adhesives. Such behavior is expected from the respective
chemistries of CMC and starch.
The sweat-absorbing properties of each adhesive formula-

tion were also evaluated through gravimetric analysis of the
composites immersed in artificial sweat (154 mM NaCl)
solution. The absorbing properties were examined for up to
120 min, which is longer than the longest time in the in vitro
perspiration experiments. The results are presented in Figure 5,
where the mass difference per adhesive area is plotted as a
function of time. Each data point in Figure 5 represents an
average of five measurements with error bars representing their
respective standard deviations.
The CMC adhesives demonstrate a continuous uptake over

the entire measured time range, while the CMC−Starch
adhesives show an initial uptake within 10 min followed by a
plateau indicating poor CMC particle connectivity. Lastly, the
Starch adhesives show no water absorption, which again

Figure 2. Storage modulus, G′, loss modulus, G″, and tan(δ) plotted
as a function of deformation frequency, f, for the CMC (△), CMC−
Starch (□), and Starch (○) adhesives.

Figure 3. Impedance as a function of immersion time of Starch (a), CMC−Starch (b), and CMC (c) adhesives. The measurements were done
using 154 mM NaCl solution at fixed frequency, f = 100 kHz.
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confirms that starch does not absorb sweat under these
conditions. These results are in agreement with the impedance
measurements. The results in Figure 5 represent the absolute
uptake per area when the entire adhesive surface area is
exposed to artificial sweat. However, in the situation where the
adhesive is attached to the perspiration simulator, the adhesive
is expected to absorb locally around the artificial sweat pores.
The actual uptake in a perspiration situation is therefore
expected to be lower compared to the immersion tests.
3.2. Adhesive Performance during Artificial Perspi-

ration. The aim of the work presented here is to demonstrate
the potential of the perspiration simulator and obtain general
knowledge of adhesive performance under realistic perspiration
conditions. The adhesive performance was evaluated by
peeling the adhesives, with an angle of 90°, directly from the
perspiration simulator. The peel results are shown in Figures
6a and 6b where the horizontal bars represent groups with
equal means according to a two sample t test with 95%

confidence level. We divide the discussion of the peel results in
two parts: adhesion under dry conditions and adhesion after
artificial perspiration.

3.2.1. Adhesion under Dry Conditions. First, the adhesives
were peeled from the artificial skin without introducing
artificial sweat. This was done to study the effect of the
application pressure and dwell time. Both dwell time and
application pressure will have an effect on the substrate−
adhesive contact area due to the viscoelastic behavior of the
adhesives. To obtain two different initial substrate−adhesive
contact areas, we vary the application pressure. Here, each
adhesive formulation was applied with respective pressures of
4320 Pa (Figure 6a) and 1680 Pa (Figure 6b) for 60 s.
Adhesives peeled immediately after application (0 min after
application) showed no significant differences between
formulations as expected from their rheological properties
and similar chemistries. However, there is a clear effect of the
application pressure since the average peel forces were
approximately 3 and 20 N for the adhesives applied with
1680 and 4320 Pa, respectively. The increase in peel forces for
increasing application pressure is a consequence of increasing
viscous flow of the adhesive, which results in a larger initial
substrate−adhesive contact area.
Adhesives were also peeled 20 min after application to

investigate the effect of dwell time on peel adhesion. Here, the
adhesives generally show increments in peel forces indicating
the evolution of the substrate−adhesive contact area over time
through viscous flow as illustrated in Figure 6c. After 20 min
dwell time, differences were found between the CMC adhesive
and the two other adhesives. Mixed failure modes were
generally observed for peel forces larger than 15 N. During
mixed failure, both adhesive and cohesive failure occur, which
suggests that the adhesion to the substrate was stronger locally
than the cohesion of the adhesives. It also demonstrates that
the skin-mimicking gelatin does not delaminate or fracture
during peel. The structural integrity of the gelatin makes the
peel results less convoluted compared to real human skin
where adhesives peeled from the skin typically remove a
superficial layer of stratum corneum.41 We speculate that the
differences after 20 min are attributed to differences in
nonlinear rheological properties between the CMC adhesive
and the other two adhesive formulations.

3.2.2. Adhesion after Artificial Perspiration. Next, the peel
adhesion of the adhesives, applied under the same conditions
as above (4320 or 1680 Pa for 60 s), was evaluated after 20
min of artificial perspiration with an artificial sweat rate
corresponding to 1.6 ± 0.2 μL min−1 cm−2 for uncovered skin.
Because of partial occlusion of the artificial skin, the
perspiration rates reduced to approximately 1.0 ± 0.1 μL/
(min cm2) in all cases (see Figure S7). We note that even
though water is an effective plasticizer,42−44 the changes in peel
forces during perspiration are mainly expected to be a result of
events occurring at the substrate−adhesive interface. This
assumption is based on a conservative estimate of the changes
in the bulk mechanical properties of the adhesives during
perspiration, which is provided in the Supporting Information
(section S4).
Peel forces measured after 20 min of artificial perspiration

were lower compared to 20 min of dry dwell after application
for all adhesive formulations and both application pressures.
This revealed that the viscous flow of the adhesives is restricted
due to the artificial sweat introduced at the substrate−adhesive
interface as illustrated in Figure 6d. The Starch adhesive shows

Figure 4. Difference in capacitance relative to the dry capacitance as a
function of immersion time for the CMC (•) and CMC−Starch (△)
adhesives. The asterisks (∗) represent the characteristic penetration
times, tp.

Figure 5. Mass uptake as a function of time for the CMC (△),
CMC−Starch (□), and Starch (○) adhesives immersed in 154 mM
NaCl solution.
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significantly lower peel force compared to the initial value (0
min) at high application pressure (Figure 6a). This suggests
that some of the initial substrate−adhesive contact area is
compromised due to the pressure exerted from the artificial
sweat glands (∼4.5 kPa), which we speculate is a consequence
of the Starch adhesive’s occlusive nature. The CMC and
CMC−Starch adhesives are less occlusive through their water
absorption and consequently do not show this significant drop
in peel force. For the low application pressure (Figure 6b), the
peel forces after 20 min do not decrease below the initial (0
min) peel forces, which indicates that the initial substrate−
adhesive contact area remains throughout the perspiration
process. Here, the adhesives are less occlusive due to a smaller
substrate−adhesive contact area, which will result in a lower
overall pressure build up at the interface. However, artificial
sweat spreading at the substrate surface restricts further
adhesive bonding with the substrate. After 20 min of
perspiration, no significant differences are detected between
formulations.
Next, the perspiration time was decreased to 10 min to

introduce an overall lower volume of artificial sweat at the
interface. After 10 min of perspiration, the adhesives were left
on the artificial skin for an additional 10 min without
perspiration and was subsequently peeled off the artificial
skin (Figure 6b). The Starch adhesive shows no change in peel
force compared to 20 min of artificial perspiration. This
suggests that sufficient artificial sweat accumulates at the
interface during 10 min to prohibit further adhesive bonding
due to lack of sweat absorption. However, the CMC adhesive

shows an increase in peel force and now performs significantly
better compared to the Starch adhesive. This indicates that
having hydrophilic fillers near the skin−adhesive interface to
absorb sweat maintains the adhesive properties during
perspiration. The hydrophilic CMC fillers absorb sweat at
the substrate−adhesive interface, which allows the adhesive to
flow and bond to the substrate and consequently increase the
substrate−adhesive contact area over time (Figure 6e). The
CMC−Starch adhesive seem to exhibit peel forces in between
the CMC and Starch adhesive as expected from its water
absorption capacity, which also is in between the two other
adhesives.

4. CONCLUSION

A new perspiration simulator for evaluating the performance of
skin adhesives during realistic wear conditions was successfully
developed. The perspiration simulator has a gelatin skin
mimicking substrate and the ability to sweat with a controlled
sweat rate. Three skin adhesive formulations having indis-
tinguishable rheological properties, but different abilities to
absorb the artificial sweat were evaluated by measuring the peel
adhesion directly from the perspiration simulator. Artificial
sweat introduced at the artificial skin−adhesive interface
proved to restrict viscous flow of the adhesives and
consequently reduced the adhesive’s ability to bond to the
substrate. However, highly water-absorbing adhesives were
found to bond under perspiration conditions depending on the
total amount of artificial sweat introduced. Here, the absorbing

Figure 6. Average peel forces recorded of the CMC, CMC−Starch, and Starch adhesives peeled from the perspiration simulator. The adhesives
were applied with application pressures of 4320 Pa (a) and 1680 Pa (b) and peeled immediately after application and after 20 min without and with
exposure to perspiration. The horizontal bars indicate groups with equal means (two sample t test, 95% confidence level). Schematic illustrations of
the substrate−adhesive interface region, which are based on the peel results, depicting dry dwell (c), perspiration with a Starch adhesive (d), and
CMC adhesive (e).
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adhesive showed a significant increase in peel adhesion
compared to non-sweat-absorbing adhesives.
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